I would like to thank my supervisor, Prof. Jane M, Nachtman for her great patience and constructive guidance to me. Her answers to my questions were very helpful and her supports made my life much easier during these years. Every time when I met her with a problem, she could always help me break it down and point out possible ways to solve it. ii ABSTRACT This thesis uses a generial Tag and probe method to study muon ID efficiency in the Compact Muon Solenoid(CMS) Detector. CMS is one of the main detectors at the Large Hadron Collider, which is the world's largest and most powerful particle collider. The main object of the CMS Collaboration is to investigate physics underlying electroweak symmetry breaking. Moreover, the CMS detector allows experimental particle physicists to perform various experiments which possibly produce new physics signatures beyond the Standard Model (SM). In order to detect and study these signatures, it requires the identification and accurate and precise measurement of particles such as muons. To achieve these measurements, a generic data-driven approach, the Tag and Probe method, is used. This method is widely used in the particle physics community to measure any user defined object efficiency. A typical 
Elementary particle physics, as its name indicates, is a subject studying what matter is made of. This subject has been developing for a long time. It has been over a hundred years since the electron was discovered in 1896 by the British physicist J.J.
Thomson. Protons and neutrons were discovered early in last the century, and more than a hundred elementary particles were discovered by the 1960s. Today, physicists have discovered all of the particles predicted by the Standard Model(SM). Scientists found the Higgs boson [1, 4] , the latest discovery which was predicted many decades ago, at the LHC in 2012. This is a huge achievement for humans, but it is not the end of our exploration. As the study of elementary particles developed, it was easier to find electrons, protons and neutrons, since their state is stable and they can exist a relatively long time in nature-if not, our world would not exist. Nevertheless, more exotic particles are not easy to produce. For them, there are three main sourcescosmic rays, nuclear reactors, and particle accelerators.
Cosmic rays and nuclear reactors are not ideal for research. On the one hand, although cosmic rays are bombarding our plane with some high energy particles such as muons all the time, the rate at which detector can perceive them is very low, and cosmic rays are completely out of our control. On the other hand, a variety of particles like neutrons, and neutrinos may come out from nuclear reactors, but manmade nuclear reactions are a potentially hazard. Thus, the best way for scientists to safely and stably produce exotic particles is by building particle accelerators. It is also the reason many countries spend lots of money building large particle accelerators and detectors.
Experiments and Detectors
Particle physics starts with accelerating elementary particles like electrons or protons to a very high speed or high energy which brings particle physics another name-high energy physics, and then making those high speed particles collide with each other. In the collisions, particles with a short life time are produced; this is also the time window in which we can observe them. Nevertheless, these exotic particles cannot be observed by the naked eye, but require specialized detectors.
Thus, scientists and engineers build accelerators and detectors to speed up particles and observe newly produced particles.
Physicists started building accelerators in the first half of the last century. In 1930, Ernest Orlando Lawrence, a pioneering American nuclear scientist, invented the first cyclotron which is a kind of particle accelerator. It accelerates charged particles outwards from its center along a spiral path. The radius of the first cyclotron was only 10cm and the energy gained for accelerated particles is also relatively low, but cyclotrons were still the most advanced technique until the 1950s when people started building sychrotrons. The sychrotron is also a type of cyclic particle accelerator, but has more advanced technology, compared with cyclotrons. In a sychrotron, particle accelerating travels around a fixed closed-loop path, which allows particles gain more energy within the same radius of cyclotrons. Six experiments are performed at the LHC, and they use different detectors. The major experiments, ATLAS and CMS, use general-purpose detectors. ALICE and LHCb have detectors that are specialized for studying of particular phenomena.
Two more smaller specialized experiments are TOTEM and LHCf.
CMS Detector
The Compact Muon Solenoid (CMS) is a general-purpose detector and located at one of four particle collision points at the LHC. Generally, the procedure for observing muons in CMS consists of four steps, including bending particles, identifying tracks, measuring energy, and detecting muons.
As introduced before, the superconducting solenoid magnet in CMS generates a magnetic field around 4 T, which is about 100,000 times the strength of the Earth's magnetic field [5] . The path of charged particles, like muons, is bent when they travel in a strong magnetic field. Positively and negatively charged particles bend in opposite directions. Particles with different momentum bend differently; particles with higher momentum bend more than those with lower momentum. When charged particles pass through the silicon tracker layer, they leave a signal in the tracker, which can be used to reconstruct their path. After that, some of the particles coming from the tracker layer goes through the Electromagnetic Calorimeter and the Hadronic
Calorimeter. The outermost component of CMS is the muon detector, which detects the only charged particles to escape the detector. They are good at detecting muons. solenoid, and Muon chambers [7] . Each of these functional layers consist of many smaller structures, which will be discussed in the following sections. 
Inner Tracker
The silicon tracker is the closest structure to the beam line. It consist of silicon pixels and silicon strips. The highest particle flux rate is the place closest to the interaction vertex where the pixel detectors are located. Further from the interaction vertex, the flux rate drops quickly; silicon microstrip detectors are able to work well. The pixel detector contains 65 million pixels and is made of 3 cylindrical barrel layers and 2 endcap disks. The three cylindrical barrel layers are located at 4 cm, 7 cm, and 11 cm from the z-axis; the two endcap are on each side of the barrel layers. With this structure, the pixel detector can track the particles produced by pp collisions with extreme accuracy. The pixel detector is shown in Figure 3 .3.
The silicon strip detector is immediately outside of the pixel detector. It also 
Electromagnetic Calorimeter (ECAL)
The Electromagnetic Calorimeter (ECAL) is a homogeneous calorimeter that is used to measure the energy of electrons and photons passing through the Inner Tracker. ECAL is comprised of 61200 lead tungstate(PbWO 4 ) crystals which forms its barrel, and 7324 crystals in each of the endcaps. Each crystal is 1.5 Kg. The inner radius of the barrel section(EB) is 129 cm. EB covers half the barrel length, which corresponds to a pseudorapidity range 0 < |η| < 1.479. The endcaps(EE)
are at a distance of 314 cm from the vertex, which covers a pseudorapidity range 1.479 < |η| < 3.0. The EB and two EEs form a cylindrical structure enclosing the Inner Tracker.
The reason that lead tungstate scintillating crystals can be used for ECAL is that those crystals can work in a high strength magnetic field, are resistant to radiation damage, and have short radiation and Moliere Lenghts, 0.89cm and 2.2 cm respectively. The radiation length is the distance that the particles traveling in the crystal scintillates lose 63% of their energy. There properties allow ECAL to block electromagnetic showers and stop photos. The light produced by particles passing through the crystal scintillates is proportional to the energy of the particles.
Nevertheless, the crystal scintillates can emit 80% of the light produced by particles within 25 ns.
Hadronic Calorimeter (HCAL)
The Hadronic Calorimeter surrounds the ECAL system, and consists of a 
Muon Chambers
The muon chambers form the largest part of CMS and consist of three type detectors: Drift Tube Chambers(DTs), Cathode Strip Chambers(CSCs), and Resistive Plate Chambers(RPCs). Figure 3 .4 shows the layout of the CMS muon system.
As the name Compact Muon Solenoid indicates, the main task of CMS is to detect muons. Since the ECAL and the HCAL stops most particles but not muons, the produced particles that come out of the HCAL are mainly muons. To precisely detect those muons, the three tpye detectors play an important role. 1400 muon chambers are placed outside the HCAL in total, 250 DTs, 540 CSCs, and 610 RPCs. The two endcaps of the muon system are composed of 468 CSCs. Each CSC, which are a trapezodial shape, are comprised of 6 gas gaps. A layer of radial cathode strips and a layer of anode wires which are almost vertical to the strips are placed in the gap. While muons pass through the gaps, the gas between the gaps is ionized, causing the electrons produced to subsequently avalanche. This process produces a charge on the anode wire and cathode strips, allowing the CSCs to provide a muons' space and time information.
The RPCs are fast gaseous detectors that are placed in front of each DTs and CSCs. 610 RPCs comprise 4 stations and cover the pseudorapidity region |η| < 2.1, forming a muon trigger system for CMS.
Trigger System
The interaction rate under crossing rate of 40 MHz in CMS is very high;
there are up to 10 9 interactions/sec at design luminosity. Recording all events that happen in CMS is not only impossible but also unnecessary, as most of the events are uninteresting. Most of these uninteresting events contains low p T particles produced in the collision. Thus, it is important to build a trigger system in CMS to filter out the uninteresting events and record only the possibly interesting events. The trigger and data acquisition system in CMS consist of 4 parts: the detector electronics, the Level-1 trigger processors, the readout network, and the High-Level Triggers(HLT).
Level-1 Trigger
The Level-1 trigger system involves the ECAL, the HCAL and the muon systems which means the information from them are, to some extent, correlated. The travel time for the signal between the front-end electronics and services cavern housing of the Level-1 trigger logic is constrained by the physical distance between the electronics and services cavern. The total time for transit of the signal and the Level-1 trigger calculation is 3.2 µs. In other words, it takes 3.2 µs for Level-1 trigger system to decide if the data should be discard or kept, before this decision, all data is held in a buffer.
The number of interesting events is about 1 out of 1000. The startup Level-1 trigger rate is less than 50 kHz, the design value is 100 kHz, measuring the Level-1 trigger reduces event rates from 10 9 Hz to 10 5 Hz.
High-Level Trigger
The High-Level Trigger system is a software system which can further reduce event rates from 10 5 Hz to 10 2 Hz. After being filtered by the Level-1 trigger system, the data in the front-end readout buffers are further compressed and stored in dual-port memories. Subsequently, they can be accessed by the data-acquisition(DAQ) system. The data from every events kept by the Level-1 trigger is now transferred to the processors. The high-level trigger(HLT) software running on each processor cuts the number of events from 10 5 Hz to 10 2 Hz.
CHAPTER 4 MUONS

Muon Reconstruction
Muon reconstruction is a systemic algorithm running on reconstruction software which uses hit information to rebulid physics object, muons. Muon reconstruction is performed in the silicon tracker and the muon system [10] , and is comprised of 
Muon Identification
Muon identification is an algorithm used to select muon candidates [9] and is a complementary algorithm to standard reconstruction. Unlike standard reconstruction, it uses additional energy information from ECAL and HCAL, and is inside-out in terms of detector information [8] . Muon Identification first reconstructs tracks from the silicon trackers, and then makes use of information from the ECAL and the HCAL.
Trackers that are not associated with any standalone muon track are also considered, which allows it to reconstruct some low p T muons without enough energy to reach the muon system. These low p T muons may not be reconstructed as global muons but are identified by the muon identification algorithm [12] . Muons reconstructed by identification algorithm are called tracker muons.
Muon Isolation
Muons produced from heavy objects like Z and W should be isolated from muons produced from b or c decays [11] . Muon isolation aims to separate these different muons. This separation is accomplished by calcaluating the total transverse energy E T deposited in a calorimeter within a cone along the muon direction.
Muon Efficiency
The previous sections briefly describe each part of CMS from inner track, closest to the beam line, to the outermost muon system. Many physical analyses require the probability that a muon is reconstruct as a muon object, given that the muon is produced in an event. In general, that probability is called efficiency.
Efficiency is the ratio of the number of muons passing the desired criteria to the totally number of muons produced.
Where N pass is the number of muons passing the desired criteria, and N all is the total number of muons produced.
This thesis focuses on muon efficiency, in particular Muon ID efficiency. The muon efficiency is defined as following.
where ε track is the tracker muon efficiency, that is, the probability that a muon produced in an event is also reconstructed as a silicon tracker track, tracker muon. ε id is the muon ID efficiency, the probability that a muon passes through a group of selection criteria, given it is a reconstructed muon. ε iso is the muon Isolation efficiency, the probability that a reconstructed muon is isolated. ε trig is the trigger efficiency, the probability that a reconstructed and isolated muon is triggered in terms of a given
Muon efficiency depends on two main factors-the structure of CMS and the transverse momentum p T of the muons. Muon efficiency is influenced by the path through which it passes a detector, because the detector is not homogeneous. Thus, pseudorapidity |η| and azimuthal angle φ may play an role in deciding muon efficiency. Since, the detector is symmetric with respect to the angel φ, it probably does not significantly influence muon efficiency. The pseudorapidity |η| should have a significant impact on the muon efficiency at certain values: |η| ∼ 0.3 where a gap appears between the two wheels in the barrel where cables and other service pass, |η| ∼ 1.2 where the DTs and CSCs overlap, and |η| ∼ 1.7 − 1.8. The p T of the muons decides if they have enough energy reach the muon system. Since standalone muons need more than one station to be hit in the muon system, low p T muons may not be reconstructed as standalone muons.
Tag and Probe Method
In the previous section, the muon efficiency is introduced and some of its properties are also discussed. In many analyses of the CMS dataset, it is very important to accurately and precisely measure muon efficiency. The efficiency measurement based on the Monte Carlo(MC) simulation has some large systematic errors. Therefore, it is ideal to measure the efficiency from the dataset directly, whereas only the MC data is used to compute the scalar factor. A well formed data-driven method to measure the particles efficiency is the Tag and Probe method.
Method Introduction
The tag and probe method uses some known particles, like J/Ψ Υ Z, mass resonance as an observable, and selects particles that pass defined criterion from all observables. Taking, for example, J/Ψ, the tag and probe method uses two oppositely charged muons, a µ + and a µ − , to form a J/Ψ particle, according to J/Ψ → µ
In order to form a real J/Ψ, one of the muons must pass a very tight selection criteria. This muon is called a "tag" muon. It is also called a golden muon in the CMS community. The other muon that binds with a tag muon to form a J/Ψ is called a "probe" muon. Thus, two muons were selected, those mass resonance is in the J/Ψ mass window. Given a set of selection criteria, if a muon in the probe muon set passes the given set of criteria, it is a passing probe muon. The ratio of all passing probes to the total number of probes is called the muon efficiecny with respect to the given set of criteria.
where P passing is the number of passing probes, and P all is the number of all probes.
It is worthy to notice the procedure described above can include a TT(tag-tag) event, that is, a probe muon also passes the criteria for a tag muon. In this case, a TT event is counted twice by our method, and lowers the actual efficiency. One way to eliminate this bias is to required a tag and a probe to be oppositely charged, which means a probe can never be a tag.
Tag Selection
Tag muons usually have to satisfy a group of strict criteria. Some of these criteria are aimed to improve the purity of the tag-probe pairs. Tag muons must be reconstructed as a global muon, which ensures tag muons are real muons.
In this thesis, a tag is required to have p T > 7.5 GeV/c, and must be also matched to the Mu7p5 leg of the trigger, which is used to select the event.
Probe Selection
The criteria for a probe is loose, and therefore probe muons are matched to the track2 leg of the trigger; probe muons have p T > 2 GeV/c.
Definition of IDs
In this thesis, Tight Muon and Soft Muon are used. They are equivalent to a group of specific criteria.
Tight Muon is equivalent to the following cuts.
• The candidate is reconstructed as a Global Muon
• Particle-Flow muon id
• χ 2 /ndof of the global-muon track fit < 10
• At least one muon-chamber hit included in the global-muon track fit
• Muon segments in at least two muon stations
• Its tracker track has transverse impact parameter dxy < 2 mm w.r.t. the primary vertex
• The longitudinal distance of the tracker track w.r.t. the primary vertex is dz <
mm
• Number of pixel hits > 0
• Cut on number of tracker layers with hits >5
Soft Muon is equivalent to the following cuts.
• Tracker track matched with at least one muon segment (in any station) in both X and Y coordinates
• Cut on number of tracker layers with hits > 5
• Number of pixel layers > 0
• Track high-purity flag 
